The effect of ACTH, adrenaline, noradrenaline, insulin, parathormone, hydrocortisone,and glucagonon the homeostaticmechanismcontrolling serum glucose,citrate, calcium, phosphorus,and potassium was studied in fasting rabbits and children. Citrate levelsare kept in balancebyACTH, adrenaline,and glucagon,which raisethe levels,and by insulin, which lowers them. Stressalone raisescitrate levels, probably through adrenaline and ACTH effects.
Thus whenever ACTH is referred to in this paper we are referring to a mixture of ACTH and a rabbit calcium lowering factor.
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ON THE BASIS OF OUR PREVIOUS STUDIES, it was concluded that glucose or insulin when injected in normal humans causes a fall in serum citrate levels (27, 49) . When glucose was administered to a group of children who had been having repeated convulsive episodes, the citrate level did not fall. In many cases a rise of citrate occurred during the test (51) . Adrenaline injected intramuscularly in normal humans resulted in a marked rise of citrate levels (52) .
Other observers noted that normal individuals who responded with a fall of citrate levels when glucose was administered responded with a rise of serum citrate levels when the procedure was repeated after prolonged stress-lO days of starvation (39) .
This observation and our earlier ones suggested that the serum citrate level may be controlled by a homeostatic mechanism and that the response to stress influences this level.
Since calcium forms a chelate with citrate, a rise in citrate should cause a decrease in calcium ion concentration and may thus influence neuromuscular excitability (43) .
We therefore studied the effect of the "stress" hormones, adrenaline, ACTH, and cortisone, on the calcium, potassium, phosphate, citrate, and glucose levels in rabbits (53) .
Intramuscular injection of adrenaline caused a rise in citrate levels. Also, a significant rise of serum citrate levels of the same order as obtained with adrenaline, but reaching its maximum later, was observed when ACTH was administered.
We found that the potassium levels drop markedly on administration of adrenaline. This was confirmed by others (16) .
Calcium levels fell to as low as 50% of the initial value in rabbits when ACTH was administered. Convulsions ensued when the animals were mildly stimulated by smoke blown at their faces. This effect could be reproduced repeatedly. These measurements were taken during the first few hours after hormone administration.
We therefore concluded that ACTH was probably involved in the acute homeostasis of serum calcium levels (53) . That serum calcium levels are under acute homeostatic control is apparent from the constant serum levels observed in the normal human and the fact that when serum calcium levels are lowered by infusion of calcium-free serum, they return to normal rapidly (29) . calcium and potassium levels by X-ray spectrometry (48) which would insure the fact that our analyses would be specific for these elements and detect lesser changes with greater accuracy, and the availability of purer hormone preparations, prompted us to repeat some of our previous studies.
We also extended the studies to include the effect of other hormones on the serum levels of calcium, potassium, phosphate, citric acid, and glucose during the period up to 5 hr. after injection.
Procedure
Male rabbits weighing 3-4 kg. were used to make possible comparison of the results with those previously observed in female rabbits. Food, but not water, was withheld from the rabbits for 48 hr. before the test, to ensure stable initial values of the various blood constituents to be studied.
Care was taken not to alarm the animals during the experiment. The animals were rested in a quiet room for 24 hr. before the test. The ear vein was then slit and a first specimen obtained by discarding the first few drops and then collecting directly into acid-washed tubes. The blood flow was stopped with a pledget of cotton. Subsequent specimens were obtained by washing the initial cut gently with warm water to restart the blood flow. By using only water on the ear and drying before collecting, we prevented hemolysis and were able to obtain reliable potassium levels.
We were able to obtain clear unhemolyzed serum even when collecting as many as seven specimens from the same site over a 5-hr. period.
Washing the ear with alcohol or xylene promotes hemolysis and is irritating to the animal. The hormones were injected intramuscularly or subcutaneously into the haunch of the animal.
If more than 2 ml. was injected, the dose was divided between the two sides of the animal.
Calcium and potassium estimations were performed by X-ray spectrometry on 25-1. samples run in triplicate
Citrate was estimated by a modification of a previously described method
(47).
Glucose levels were determined by a micro modification of the method of Folin and Wu (22) . Phosphate was assayed by a micro modification of the method of Fiske and SubbaRow (21) .
The hormones used were the purest that we could obtain for experimental purposes.
ACTH Generally, the volume injected did not exceed 2 ml.; in the case of parathormone, however, the dose had to be divided and injected into both sides of the animal.
The human subjects studied were either normal children with no known hormonal disturbance who had been admitted to the hospital for some minor ailment or children who had been brought for treatment to the convulsion clinic at the Jewish Hospital of Brooklyn. They were hospitalized and started fasting in the morning of the day of testing.
Blood was drawn from the vein after an electrocardiogram had been taken.
Electrocardiograms were taken at hourly intervals thereafter before the blood was drawn.
Results
The results listed in Table 1 the various constituents (Table  1 and Fig. 1 ), showed that all were significant at the 1% level. When ACTH was given in the same dosage (2 U. per kilogram) to normal children (Table 2) , a "sawtooth" upward-moving curve was obtained;
the maximum rise in calcium levels was shown to be significant by a t test. This was also true for the potassium levels, but the rise in potassium was barely significant at the 5% level. This was also true for phosphate levels, but the phosphate rise was delayed. Results obtained with glucose showed a significant minimum at the 5% level. Citrate levels rose consistently, except for Child 2, in whom a significant rise was not seen until the fifth hour. The mean data, as shown in Fig. 2 , indicated a significant rise of citrate, on the basis of a t test. Only with respect to citrate did the children's response to ACTH resemble that of the rabbit.
In Table 3 
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except for the effect of adrenaline on glucose levels (Table 4 , Fig. 3 ). This is consistent with the observation that adrenaline stimulates ACTH secretion in animals (30, 33) .
Noradrenaline resembles adrenaline in its action but is generally milder in its effect (Table 5 , Fig. 4 ). Its mild action on glucose levels is well documented (4) .
Its action on potassium is in the reverse direction from that of adrenaline, but its action on citrate, phosphorus, and calcium is in the same direction.
Its action in slightly raising potassium levels in dogs has been noted by others 
Hydrocortisone
causes a significant rise only in glucose levels, which continue to rise at 5 hr. (Table 6 , Fig. 5 ). Note the similarity of the glucose curves for both cortisone and ACTH ( Fig. land 5) . Effects on the other constituents were not significant on the basis of a t test, ex- cept that the early rise in citrate level was barely significant at the 5% level.
Insulin causes significant depression of potassium, citrate, phosphorus, and glucose levels ( Table 7, Fig. 6 ). The depression in potassium levels (3, 42, 65) and phosphate levels (60, 66) has been observed repeatedly by others in man and various animals. While a depression of serum calcium level was observed in each case, a t test indicated that the results were not quite significant at the 5% level. If more rabbits are studied, this depression may be found to be significant. Glucagon's effect is extremely rapid and of short duration (Table  8 , Fig. 7 ). The maximum changes are all significant, although the changes in calcium levels are significant only at the 5% level. Note that the changes in potassium levels are delayed after the immediate effect of glucagon on glucose, citrate, and phosphate levels have ended. The drop in phosphate with glucagon is well documented in the literature in mananddogs (32, 67) .
The effect of parathormone on the elevation of calcium is significant ( 
Discussion
The objective of this study was to investigate the acute effects of certain hormones on serum calcium and potassium levels and other Glucose Adrenaline, insulin, and glucagon produce immediate and rapid changes in glucose levels (Fig. 3, 6 , and 7). The effect of glucagon in raising blood sugar levels is of much shorter duration than that of adrenaline although the action of these two hormones seems to be similar (36, 41) .
The effect of noradrenaline in raising glucose levels is much less than that of adrenaline (Fig. 4) . This is true both in rabbits (7) and in humans (4, 28, 62) . The adrenal medulla secretes large amounts of adrenaline when stimulated by insulin hypoglycemia but very small amounts of noradrenaline (9) .
These observations seem to indicate that adrenaline but not noradrenaline is significant in acutely raising serum glucose levels when required. The shapes of the curves for glucose resemble each other when ACTH and cortisone are administered ( Fig. 1 and 5 ). The fact that hormone the animal produces under the stimulus. With cortisone the amount of steroid hormone administered was much larger than the animal could have produced during the experiment. In any case, only adrenaline and glucagon are antagonistic to insulin in rapid action on serum glucose levels and not hydrocortisone or ACTH (8, 57, 64) .
From these observations we conclude that glucagon and adrenaline are the immediate factors responsible for raising glucose levels and that insulin is the counterbalancing force. 
Citrate
Serum citrate levels are markedly elevated by adrenaline and ACTH ( Fig. 1 and 3 ) and depressed when glucose levels are dropping due to the action of insulin (Fig. 6 ). Insulin also drops citrate levels in humans (27) .
Thus, movement of glucose into the serum is accompanied by a rise in citrate. This is also true for glucagon ( Fig. 7) as well as adrenaline (Fig. 3) . In this respect glucagon and adrenaline are antagonistic to the action of insulin.
On inspection of the adrenaline curve (Fig. 6 ), one notes that there is an initial rapid rise in citrate, paralleling the rise in glucose.
As the glucose level continues to rise, the citrate level begins to fall. This sug- 
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gests that this is an insulin effect. The elevated blood glucose stimulates secretion of insulin, which tends to drive the citrate levels down as the glucose moves back into the tissues.
Examination of the curves for ACTII in rabbits (Fig. 1) and chil- dren (Fig. 2) shows a marked rise in citric acid serum levels in both cases. The question arises as to what is the prime cause of the rise of serum citrate levels: adrenaline or ACTH Y We observed that stress of any form in a rabbit will result in a prompt rise in citrate levels. The fasting citrate levels for rabbits (Table 1) range from a low of 3.37 to a high of 6.33. Only 2 animals, Rabbits 1 and 9, had levels above 6 mg./100 ml. Both of these animals were very apprehensive at the start of the test. fore the fasting level (Table 5 ). This rabbit and Rabbit 6 (Table 4) , whose fasting level was 7.72 mg./100 ml., were difficult to handle before the test. Thus fright alone will raise serum citrate levels markedly in rabbits.
We believe this is an adrenaline, coupled with an ACTU, effect.
In Fig. 5 and 8 , in which the effects of hydrocortisone and parathormone are shown, the small elevations of citrate noted at the outset of the experiment may have been due merely to the pain and stress of the initial injection.
Transient changes in citrate levels must be therefore interpreted cautiously. For example, in one experiment it was reported The question may be asked, "Is this a stress phenomenon due to ACTH as in Fig. 1'!" The rise in citrate with ACTH has also been observed in humans by others (18) .
The fall in citrate with insulin has also been confirmed (1). The transient rise in serum citrate level has been observed before on parathormone administration (37) .
One experimentor stated that 
HORMONE EFFECTS
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with parathormone the increase in citrate precedes the rise in calcium (20) .
This can be seen in Fig. 8 . This transient rise may also have been caused by stress and may be so interpreted.
Calcium levels did not rise significantly during that time and could not be responsible for calcium salts injected intramuscularly caused a rise in serum citrate levels, but so did saline solutions.
Here again the stress of the injection may have been measured and not the effect of the material injected.
In view of the above, one may say that an immediate rise in citrate is caused by acute stress to the rabbit. This may be an adrenaline effect. Maintenance of a high citrate level over a longer period is probably an ACTH effect.
Interpreting our early experiments (51) and those of others in which individuals who had been repeatedly placed under stress would not respond with a drop in citrate levels on glucose administration The elevation in citrate caused by adrenaline and ACTH overpowered the insulin effect in these individuals. it is inter- a transient rise in citrate was noted before the fall. This could be explained in the same way, the stress on these children being greatest at the start of the experiment. It must be emphasized at this point that changes in endogenous citrate levels under the influence of ACTH are of marked significance. The body is well equipped to metabolize citrate rapidly. For example, in an earlier study on the fate of citrate in erythroblastotic infants (68) , it was demonstrated that citrate administered to the human disappeared rapidly.
In these infants, weighing of the order of 2-3 kg., the citrate concentration of the blood infused was approximately 340 mg./100 ml. One thousand milliliters of blood was infused into these infants, and a like amount was removed. Less than 6% of the infused citrate could be accounted for in the infant at the end of the transfusion.
Blood levels quickly returned to normal.
Calcium
Of greatest interest to us was the effect of the hormones on ionized calcium and potassium levels. Since no direct practical method exists for measuring the ionic concentrations of these materials, we have to be content with assaying for total concentration. It must be kept in mind that slight changes in total concentration can represent a significant change in ionic concentration.
Since approximately 40% of the serum calcium is ionic, an absolute drop of 1 mg./100 ml. should be compared with 4 mg./100 ml. as an estimated initial concentration and not 10 mg./100 ml., the initial total concentration in the human. This now represents a 25% drop. If this is coupled with a significant elevation of citrate or phosphate levels, it can readily be shown that a drop of as much as 50% in ionic concentration can be reached, if there is no change in blood pH. For the present, one must conclude that in the rabbit ACTH is a prime factor in the control of calcium homeostasis.
The profound changes in calcium concentration coupled with a marked rise in citrate level, as observed in Fig. 1 A drop in serum calcium levels coupled with a rise in citrate levels as observed in Fig. 1 would tend to increase neuromuscular activity (43) .
ACTH has been reported as a thalamacortical activator in rabbits when tested by electrical stimulation (45) .
This observation may reflect the drop in calcium ion concentration due to the ACTH administered.
The question immediately arises as to why this effect is not observed in the human (Table 2, Fig. 2) . Examination of the individual cases in Table 2 indicates that the calcium levels fluctuate while they move upward, finally reaching a level higher than the fasting one. This marked difference in behavior between the human and the rabbit requires an explanation which cannot be given at present. There are certain obvious species differences between the rabbit and the human as far as their stress mechanism is concerned. The major corticosteroid in the rabbit and rat is corticosterone and not hydrocortisone as in the human we cannot repeat this test at this dosage in this child. Fasting calcium levels in this child 24 hr. before and after the test were normal. The fact that some children act in an anomalous manner with respect to the effect of ACTH on serum calcium levels is a subject we are continuing to investigate.
An interesting observation is that histamine drops serum calcium levels for 1, 2, and sometimes 3 hr. in man (38). This needs to be investigated in relation to the ACTH and adrenaline effect described above.
If histamine extracted from muscle was causing the drop in calcium levels, then all the material injected intramuscularly would have caused a drop in calcium levels due to muscle trauma.
Since this was not true, the action of histamine may be secondary to its action on the stress mechanism.
Other hormones are also probably involved in calcium homeostasis under some special conditions. Estrogens cause a marked rise in calcium levels in guinea pigs (14) . Male steroid hormones do not have so marked an effect.
In the rabbit, acute control of calcium levels is controlled by a balance between at least two hormones.
It is apparent from Table 4 and Fig. 3 There is a 42% atrophy of the parathyroids only 8 days after hypophysectomy
The parathyroid gland responds to lowered serum calcium levels with increased secre-
Thus the action of the pituitary on the parathyroids may be directed by some mechanism in control of serum calcium levels.
In the dog, it has been observed that on removal of the pituitary there is a transitory decrease of calcium levels. This may be due to discharge of ACTH during surgery. Subsequently, levels are elevated, and intravenously administered calcium circulates significantly longer in the serum than in normal dogs (25) . This observation may suggest that the action of ACTH in lowering calcium levels may be on cell permeability as suggested for the action of insulin on glucose. Citrate may be involved, in that a rise in citrate would complex calcium and permit the less polar complex to move into the cells. This is supported by the fact that citrate causes the calcium to become readily ultrafilterable (61) .
Calcium citrate moves through the intestinal wall much more rapidly than calcium phosphate (59) .
Thus it is suggested that in our present studies the citrate levels observed, as in Fig. 1 , are an underestimate of the amount poured into the serum, a good deal of it having moved into the cells with the calcium.
This concept may explain some observations made in earlier experiments.
For example, if an extract of the anterior pituitary is injected into guinea pigs for 9 days, a significantly higher serum calcium is found in these animals at the end of the experimental period than in controls (24) .
We would explain this by saying that a constant lowering of calcium levels by ACTH stimulates the parathyroids to produce more parathormone.
When injections are stopped, the induced hyperparathyroidism becomes evident. Our present experiments with parathormone ( Fig. 8) (63) , and rabbits (44) . This drop is not due to passage into the urine because potassium urinary output actually decreases with adrenaline (31, 35) .
In intact, adrenalectomized, adrenal-enucleated, and hypophysectomized rats, adrenaline lowers potassium levels. Insulin reduces potassium levels only in intact rats (17) . This study suggests that the effect of ACTH ( Fig. 1) and insulin ( Fig. 6 ) on potassium levels is probably secondary to the stimulus of endogenous adrenaline secretion. A drop in potassium levels with ACTH has been observed before by others (2, 19, 58) .
Noradrenaline raises potassium levels in rabbits (Fig. 4) . This has also been observed in dogs (46) . One may speculate that the action of noradrenaline is as an adrenaline antagonist in this respect. An interesting observation (15) is that adrenaline reduces potassium levels more in epileptics than in normal humans. This suggests that an antagonist to the action of adrenaline is absent in the epileptic. Our experiments
do not indicate what this antagonist may be. The effect of noradrenaline seems to be too small for it to be the factor.
Hydrocortisone and parathormone show little effect on potassium levels in our experiments.
A rise in serum potassium in man after intravenous infusion of hydrocortisone has been reported (34) in spite of increased urinary excretion of the element. Glucagon behaves in cats essentially as it does in rabbits (Fig. 7) . A transient mild hyperkalemia is followed by hypokalemia (70) .
Phosphate
The control of serum phosphate levels is affected by several factors acting differently. Adrenaline, noradrenaline, insulin, glucagon, ACTH, and parathormone ( Fig. 1, 3 , 4, and 6-8) all cause serum phosphate levels to drop significantly.
Thus whether glucose is moving into the cells or out of the cells, the phosphate levels drop.
In an isolated rat diaphragm, it has been demonstrated that insulin causes phosphate to move into the cells (56) .
Since adrenaline constricts the capillaries and decreases urinary output, the phosphate must also be moving into the cells with this substance.
With adrenaline the minimum is reached an hour later than with insulin.
It is therefore suggested that the adrenaline effect is indirect and acts by inducing insulin secretion. Drop in phosphate on adrenaline administration has also been observed in man (71) . This effect is also noted in the case of the 2 children (Table 10) although the drop is slight in the second child.
In toads, hypophysis removal results in a drop in serum phosphate (26) . This is not only an effect of ACTH as in Fig. 1 but also an effect produced by lack of the growth hormone, somatotropin. In our experiments hydrocortisone had no acute significant effect on serum phosphate levels. In humans, hydrocortisone is reported to drop phosphate levels (40) . The effect of parathormone on the kidneys in stimulating excretion of phosphate is well documented (54) .
The effect of this hormone on the serum levels in the rabbit can be seen in Fig. 8 .
There appear to be two modes of removal of phosphorus from the serum, namely the movement of phosphate into the cells with insulin and through the kidneys with parathormone. A means of maintaining elevated serum phosphate levels is not demonstrated in our experiments.
It should be noted that with ACTH ( Fig. 2) Insulin is a balancing factor, lowering serum citrate levels. Stress causes a rise in citrate levels, probably due to the adrenaline and ACTH effects. Serum glucose levels are controlled by a balance between insulin, which drives glucose into the cell, and glucagon and adrenaline, which work in the opposite direction. Cortisone is not an insulin antagonist but has a long-range effect. The ACTH effect is similar to that of cortisone, probably by adrenal cortical stimulation.
Only in the case of serum citrate is the response of the human similar to the rabbit when ACTH is administered intramuscularly. With this hormone calcium, potassium, and phosphorus levels tend to rise instead of to fall as in the rabbit.
The curve for glucose is the inverse of that seen in the rabbit.
In the rabbit a fall in glucose is followed by a rise to hyperglycemic levels. In the child a rise is followed by a fall. It is suggested that calcium, potassium, and phosphate levels are in critical homeostatic control by the various hormones of the living organism.
Mean serum levels in fasting rabbits for the constituents studied were found to be as follows: calcium, 12.75 mg./100 ml. ± 1.90; potassium, 3.66 mEq./L. ± 1.03; phosphorus, 4.55 mg./100 ml. ± 1.80; citric acid, 4.88 mg./100 ml. ± 1.82; and glucose, 116.0 mg./100 ml. ± 54.0. These results are the mean values found in 55 rabbits, and the ranges indicated are ± 2 S.D.
